The local environment of an amino acid in a folded protein determines the acceptability of mutations at that position. In order to characterize and quantify these structural constraints, we have made a comparative analysis of families of homologous proteins. Residues in each structure are classified according to amino acid type, secondary structure, accessibility of the side chain, and existence of hydrogen bonds from the side chain. Analysis of the pattern of observed substitutions as a function of local environment shows that there are distinct patterns, especially for buried polar residues. The substitution data tables are available on diskette with Protein Science. Given the fold of a protein, one is able to predict sequences compatible with the fold (profiles or templates) and potentially to discriminate between a correctly folded and misfolded protein. Conversely, analysis of residue variation across a family of aligned sequences in terms of substitution profiles can allow prediction of secondary structure or tertiary environment.
The basis of the acceptance or rejection of amino acid mutations in evolution cannot be fully understood without knowledge of the tertiary structure and function of a protein. A recent study (Overington et al., 1990) established the nature of the structural constraints that led to invariance or restrictive variation at equivalent positions in families of proteins. In this paper we extend our analysis and its applications. In particular we make available the revised substitution tables in computer readable form on the diskette associated with Protein Science.
Protein structures and structural parameters
Our analysis relies on a data base of homologous, aligned three-dimensional structures (Table 1) ; all the alignments were performed with the computer program COMPARER (Sali & Blundell, 1990 ). An example of an alignment used in the study is shown in Figure 1 . In this figure, the standard one-letter amino acid code has been modified to concisely show the local environment and conformation of each residue. Homologous families were selected from the Brookhaven Protein Data Bank (PDB) (Bernstein Reprint et al., 1977) using the results of previous studies in our laboratory (the list presented in Table 1 is in no way meant to be complete and exhaustive). We included some rather poorly refined structures in our data base in order to increase the counting statistics. Analysis of the distribution of unusual environments (for example the impossible +4 conformation for proline) showed that these tended to occur in the poorly refined data sets. However, the contribution of such structures to the overall substitution tables is very small. The average pairwise sequence identity of these families varies from around 80% for the y-crystallins to around 25% for the globins. In total the present data base contains 21,651 residues and 79,983 pairwise residue substitutions. Analysis of the number of substitutions as a function of percentage sequence identity of the compared proteins shows that 60% of the substitution data comes from sequences that are 20-40% identical. The families include most known classes of secondary and supersecondary structures and so should be representative of protein structures in general.
The structural features considered in our analysis included:
1. Residue type. Twenty-one amino acids were considered. Cystine and cysteine were considered to be dif- To save space the references for the tertiary structure determination are not shown; this information is available on request from the authors.
-~ ferent residues as they have distinct preferences for both local environment and differences in the patterns of accepted mutations. The assignment as a cystine was defined on the basis of a 2.5-A sulfurto-sulfur atom distance cutoff.
2.
Main-chain conformation and secondary structure.
Residues with the unusual positive 4 main-chain angle were assigned first. a-helices and &strands were then defined using the SSTRUC program of David Smith, which implements the algorithm of Kabsch and Sander (1983) . The 310 and a-helices were 4 treated equivalently; in our sample 310 helices make up around 10% of all helical residues. Finally, residues as yet undefined were classified as coil. The cis-peptide conformation was also examined; the small number of examples and its almost exclusive restriction to the N-terminal side of proline in the alignment data base made us include it with the coil class.
3. Solvent accessibility. Side-chain accessibilities were calculated bv the method of Lee and Richards distance 1 3 . 5 A . Hydrogen and covalent bonds to (1971); residues with side chains of relative accessibility less than 7% (Hubbard & Blundell, 1987) were defined as inaccessible. Calculations were usually performed on the entire molecule. However, for the alignments of subunits (for example, the immunoglobulins), residue accessibilities were calculated for isolated domains. Essential prosthetic groups and ligands were included in the calculations; enzyme substrates, inhibitors, etc. were excluded from the analysis.
Side-chain interactions. Specific interactions of a side chain, for example hydrogen bonding, ionic interactions, and covalent bonding, were examined. These were divided into three classes: interactions between two side chains, interactions between a side chain and a main-chain carbonyl, and interactions between a side-chain and a main-chain amide hydrogen (see Kinemage 1 for an example). As sidechain atoms are generally not reliably determined by crystallography, hydrogen bond formation was defined based on the criterion of a donor-acceptor 
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-" -PPPPdJ P P P P P P P P P P dJ Fig. 1 . A section of the alignment of sequences of serine proteinases achieved by comparing the three-dimensional structures using COMPARER (Sali & Blundell, 1990) . The coordinates of the three-dimensional structures were obtained from the Brookhaven Protein Data Bank (PDB) (Bernstein et al., 1977 ) (PDB codes: ITON, rat tonin; 2PKA, porcine kallikrein; ITRM, rat trypsin; 2PTN, porcine trypsin; ZGCH, bovine y-chymotrypsin; 3EST, porcine elastase; IHNE, human neutrophil elastase; 3RP2, rat mast cell proteinase-11; and ISGT, Streptomyces griseus trypsin). The alignment is numbered according to the structure of y-chymotrypsin. The amino acid code is the standard one-letter code formatted using the following convention: Italic for positive main-chain 4 angle; uppercase for solvent-inaccessible and lowercase for solvent-accessible residues; bold for hydrogen bonds to main-chain amide; underline for hydrogen bonds to main-chain carbonyl oxygen; tilde ( -) for side-chain-sidechain hydrogen bonds; disulfide-bonded cystine residues are shown with a cedilla ( . ); cis-peptide residues are shown with a breve.
The consensus secondary structure is shown below the alignment: a for a-helical positions; 3 for 310 helical positions; p for psheet positions; 4 for positions with a positive main chain 4 torsion angle. Postscript files for all of the formatted alignments are available from the authors on request.
essential hetatom groups were classed as side-chain-ment-specific substitution tables were then generated by side-chain interactions.
accumulating substitutions observed in homologous structures. To simplify the analysis, the environment of
Substitution tables
the replacement residue was not considered; only its amino acid type was considered. This corresponds to All the above features (amino acid type [21 classes], ac-many practical applications where only one of the threecessibility [2 classes], side-chain interactions [8 classes], dimensional structures of the compared proteins is known. and main-chain conformation [4 classes]) were used to However, for the selection of key residues that characterclassify the local environment of a residue. The environ-ize a particular local conformation, the conformation of both compared structures must be defined. Also, further subgroups of conformational classes in the nonhelical and strand regions can usefully be considered ( C . To study the role of structural features in the conservation of amino acids, we have summed the substitution frequencies into selected marginal distributions, e.g., all the residues in a particular type of secondary structure irrespective of the accessibility and hydrogen bonding properties. It is convenient to display the data as 21 by 22 probability tables, where the values are the probability of observing each replacement amino acid type (row titles) given that a residue (column title) was in a particular environment in a homologous protein. The conservation probability (Peons.) is then the probability that a residue will not be substituted by any other residue type.
The summing of this The tables for main-chain residue classes are all well populated except for the positive 4 class, which is clas- , 1968) . Examination of the probability tables for a-and 0-classes (Tables 2, 3) shows that in general the &class is more conserved than the aclass; to check that this was not an artifact of sample bias (the a-families contributing heavily to the more distant pairwise comparisons), we examined families in which there are appreciable amounts of both a-and &secondary structure. In these cases, it is observed that the a-regions are indeed less conserved than the 0-regions, often by around 10-15% in sequence identity levels. This is no doubt related to the greater fraction of residues buried in @-sheets than in a-helices, reinforced by common supersecondary structure motifs where parallel 0-sheets tend to form a buried core, packed between amphiphilic a-helices.
It is for the accessible/inaccessible classes (Tables 4, 5; Kinemage 2) that the largest differences in patterns of accepted mutations occur; for all residues a buried position is more conserved than a surface position, but not all residues are equal in their response to an inaccessible environment. The residues that undergo the largest increases in conservation (Fig. 2) are generally polar, for example, aspartic acid and histidine. Buried hydrophobic amino acids show generally smaller increases in conservation, but the hydrophobic nature of the replacement residue is strongly conserved. However, there are a number of unexpected features of this comparison. The analogous C O.OO0 0.910 0.000 0.016 0.014 O.OO0 0.000 0.003 0.008 0.000 0.000 0.000 0.000 0.008 0.015 0.002 0.001 0.000 O.OO0 0.000 0.020 D 0.008 O.OO0 0.350 0.059 0.008 0.011 0.014 0.017 0.018 0.006 0.000 0.095 0.040 0.020 0.010 0.026 0.020 0.013 0.006 0.012 0.000 E 0.018 0.016 0.054 0.192 0.004 0.015 0.021 0.012 0.071 0.009 0.037 0.039 0.028 0.056 0.053 0.018 0.036 0.018 0.002 0.015 0.000 F 0.020 0.022 0.013 0.005 0.398 0.008 0.021 0.049 0.017 0.046 0.023 0.006 0.012 0.006 0.015 0.020 0.012 0.021 0.071 0.096 0.020 G 0.092 0.000 0.021 0.033 0.015 0.623 0.007 0.016 0.018 0.016 0.042 0.019 0.017 0.033 0.017 0.036 0.028 0.013 0.049 0.021 0.020 H 0.003 0.000 0.006 0.010 0.008 0.002 0.332 0.006 0.022 0.004 0.000 0.035 0.014 0.021 0.023 0.009 0. J 0.003 0.002 0.000 0.000 0.001 0.001 0.007 0.001 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.001 0.000 0.000 0.620 -0.012 0.000 0.021 0.007 0.002 0.006 0.021 0.012 0.013 0.004 0.002 0.021 0.007 0.008 0.015 0.038 0.007 0.009 0.004 0.009 0.000 pairs aspartic acid/asparagine and glutamic acid/gluta-acid residues, 329 for buried asparagines, 189 for buried mine are opposite in their behavior; buried aspartic acid glutamic acids, and 377 for buried asparagines (full data residues are highly conserved, whereas the increase in are available in the supplementary material). Proline resconservation for asparagine is far less marked. The trend idues are highly conserved when buried; to replace a burfor the glutamyl pair is puzzlingly reversed. These con-ied proline by any other residue, a hydrogen bond must clusions are based on 564 substitutions for buried aspartic be made to the newly exposed amide proton. Glycine sim- ilarly undergoes a large change in conservation when buried; the most conserved glycine residues tend to be those that are both buried and in the unusual +4 conformation.
Applications of substitution pattern data
Tertiary templates and the inverse folding problem
Given at least one three-dimensional structure one can estimate the frequency of occurrence of each amino acid for each position in a fold, as suggested by Overington et al. (1990) . In this way we can construct a simple sequence template for a tertiary structure, a tertiary template. For an alternative definition see Ponder and Richards (1 987) . Figure 3 shows the sequence variability expected on the basis of the three-dimensional structure for 15 residues from the C-terminus of the G helix of the globin terminus erythrocruorin (IECD) (Steigemann & Weber, 1979) . The residues at positions 97, 100, 103, and 104 are buried (the classic i, i + 3, i + 4 spacing for an a-helix). As can be seen, the residues that are most conserved in this region are the nonpolar residues making up the buried face of this amphipathic helix. It is these residues that are of the greatest utility in data-base searching and alignment studies. Figure 4A shows a conventional search for sequences related to lECD, whereas Figure 4B shows the same search using the environmental-specific tables for scoring. As can be seen, the profiling method is more discriminating in the identification of true globin sequences. The standard jumbling test for significance in alignment studies can be further enhanced using the expected patterns for residue variance (M.S. Johnson & J.P. Overington, unpubl. results) . A related procedure has been proposed by Eisenberg and coworkers (Bowie et al., 1991; Liitthy et al., 1991) .
These procedures represent an approach to identifying the sequences that are compatible with a fold (Ponder & Richards, 1987) , generally termed the "inverse protein folding problem." The tertiary templates can be used to search the data base of sequences for other sequences that 4   a a a a a a a a a a a a a a a a a are likely to adopt the same fold. This approach should allow a large proportion of new sequences to be associated with known folds, even though overall sequence similarities for pairs of sequences may not be statistically significant indicators of homology. Another problem, which involves relating a sequence to a three-dimensional fold, is to test if a protein is correctly folded. Such tests will be very important for protein structure prediction in the future. It is well documented that potential energy-based methods are poor discriminators between correctly folded and misfolded protein structures (Novotny et al., 1984) . More successful attempts to identify correctly folded proteins have included analysis and comparison of structural features such as the ratio of buried polar and surface nonpolar atoms (Baumann et al., 1989 , Novotny et al., 1988 . In our approach we test whether the pattern of residue variation observed in homologous sequences is consistent with the fold predicted in the modeling (Overington et ai., 1990 ; C. Topham, A. McLeod, F. Eisenmenger, J.P. Overington, M.S. Johnson, & T.L. Blundell, unpubl. results).
Prediction
A single sequence is often used to predict the secondary and/or the tertiary structure of a protein of interest. Because the general fold of a protein family is conserved, the use of aligned homologous sequences can result in more accurate consensus predictions. We have attempted to use our substitution data in an alternative way to predict secondary structure from aligned homologous proteins.
The patterns of sequence variation are clearly dependent on the physical environment of a residue in the B Fig. 4 . Comparison of sequence-based and template-based data-base searching. A: The results of a search of the PIR data base using the sequence of Chironomus thummi thummi erythrocrourin (an atypical globin) as a probe and the Dayhoff 250PAM matrix to score residue comparisons. The dots represent nonglobin sequences, and the squares represent globin sequences. The vertical axis is the number of observed comparisons with a given alignment score (shown on the horizontal axis). As is apparent, many globins are within the region of nonglobin sequences. B: The same search but with environment-specific substitution patterns used for the residue scoring. The environment at each position was classified into one of eight classes (four for secondary structure and two for accessibility). Position-dependent substitution profiles were then used to scan the data base. As can be seen, the globins are more clearly differentiated from the nonglobins using the position-dependent scoring scheme. Most of the globin sequences that are within the cluster of nonglobins are partial sequences, and so scoring and assessment are more difficult. a a a a a a a a o a a a a  a a a a a a a a a a  o a a a a a a a a a a a o a a a a   Fig. 5 . Prediction of a-helical segments in an alignment of homeodomain sequences using Fourier analysis of substitution patterns. Underneath the alignment is shown the extents of the helical segments found by X-ray crystallography (Kissinger et al., 1990) . folded protein; therefore, the residue variation in an alignment can be used to infer the local environment of a residue (see Kinemage 3). The analysis of the relative strengths of structural features as constraints has shown that solvent accessibility is the major single factor. Amphipathic a-helices and @-sheets have distinctive periodicity in the pattern of residue accessibility, and so this can be used to identify such regions from alignments.
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We have calculated substitution patterns for surface and buried residues in a-helices and combined the use of these with Fourier analysis (Eisenberg et al., 1984) to identify periodicity indicative of amphipathic secondary structural elements (D. Donnelly, J.P. Overington, & T.L. Blundell, unpubl. results). Although, in principle, the Fourier conservation method is equally applicable to @-strands, it is more useful for a-helices. This is due to the higher propensity for a-helices to be amphipathic. Figure 5 shows the a-helical regions predicted using substitution patterns for several homeodomain sequences and compares the prediction with the experimentally observed helices. The prediction correctly identifies all three a-helical regions, although their precise limits are not well defined. An improvement in the prediction accuracy can be achieved by analysis of other features within the alignment, for example, the conservation of helix-capping residues at the termini of helices (D. Donnelly, J.P. Overington, & T.L. Blundell, unpubl. results).
Conclusion
The study of residue substitutions as a function of local environment has highlighted the clear differences observed for various local structural constraints. In each position of a protein fold, the local environment constrains the accepted mutations to those that will not disrupt function and structure. The most conserved positions are in the solvent-inaccessible core of the protein and especially the buried polar residues within the core. It is the conservation at these positions that will provide the most powerful recognition of homology between two sequences.
